Africans are particularly disadvantaged when it comes to access to energy. A significant majority of the continents' inhabitants rely on biomass for their energy needs and are of necessity subsistence farmers. The production of four important crops in African countries, and the potential magnitude of residues for energy use from these, is analysed in this desktop study. It is clear that there is significant potential for using crop residues as a renewable energy resource in many parts of Africa, effectively combining the need for food and the need for energy. Energy policy must be formulated to leverage the opportunity; however, supporting energy data collected by governmental statistical processes will need to include this additional information.
Introduction
Energy is a fundamental part of life. As living organisms, we require energy in order to function. Similarly, energy is required to assist in the provision of services that improve the quality of our lives. Technological ingenuity has provided many with a very high standard of life and with energy services readily available. The provision of these services in rural areas is, however, a particularly challenging topic. Rural populations are particularly poor and access to modern energy services is limited. These are mainly agrarian communities that gather and use the natural energy resources around them. Crop and animal residues are currently used as sources of energy, along with fuelwood and charcoal. There is, however, potential for far more effective use of these readily available residues.
The rural energy issue
The World Energy Council (WEC 2000) estimated that 1.6 billion of the World's people do not have access to commercial energy. Many of these are in Africa, and they are located primarily in rural areas. This topic was to some extent addressed in a previous WEC report (WEC 1999) on rural energy poverty. A migration to cities is underway yet this only exacerbates the problem. The newly urbanised cannot afford modern energy services (if they are available) and tend to remain reliant on traditional biomass energy sources. These are supplied from the surrounding rural areas, exerting major pressure on natural resources close to towns as well as those in rural areas.
There are neither accurate figures on rural populations nor on the amount and sources of energy they use. As a result, planning cannot be done with any degree of accuracy. Various continental programmes are, nevertheless, underway to improve conditions in Africa, for example, the NEPAD initiative. These programmes target the building of infrastructure and promote agricultural activities for food production. This study is intended to extend the impact of these programmes by highlighting the vast potential that crop residues and animal waste have for providing additional cost effective energy resources for Africa. Policy makers and implementers will be able to target the promotion of crops that provide not only food, but also energy.
Methodology
It is recognised that crops produce residues that can be used as an energy source, and these have been used during all of recorded history. However, a detailed quantification of the volumes available and used, in the countries of Africa, has not yet been done. This analysis is a desktop and a theoretical attempt to quantify the total production of crop residues and of animal wastes, on the continent. The study makes exclusive use of agricultural data from the UN Food and Agricultural Organisation (FAO 2001) . A separate investigation provided data on the amount of residue produced for each crop and animal waste produced, and these ratios were used to calculate the total potential waste produced. It is, however, recognised that for crop residues there are essentially three uses: as a soil fertility improver, as animal feed and as an energy source, each of which has a role to play. The first two are very important in maintaining balance, fertility and functionality in the rural system, and, depending on the residue, will reduce the amount available as an energy source.
No attempt has been made during this analysis to investigate fuelwood and charcoal potential. These fuels are a very important component of energy demand in Africa and are the subject of much study by organisations such as the FAO. Nevertheless, more in-depth study will still be required to accurately quantify volumes being utilised in rural areas of the continent. Such a study will, unfortunately, require significant financial and human resources for effective completion.
Crop residues
Crop residues can, for convenience, be divided into two categories -field and process residues (RWEDP 2003) . Field residues are those that remain in the fields after harvesting of the crop. They are used for two essential functions -as a fertiliser and as fodder for livestock. There are some practical challenges in collecting field residues and all cannot be removed without adversely affecting soil fertility. One reference (Energy Saving Now! 2003) notes that about 35% of field residues could potentially be removed without affecting fertility. No allowance for nonusable biomass has been made in the calculations below, whether because of physical impediments to its removal or for soil fertility reasons.
Process residues are those that result from the processing of the crop. It is these residues that offer particular promise as an energy source. Examples are rice husks, maize cobs and husks and nut shells and husks. Some processing will be done in rural areas especially where the crop is produced by subsistence farmers. Whether such residues will be available as fuel, or are being currently utilised, is not known and this can only be determined through field research. It seems appropriate to focus on process residues, although field residue volumes will also be calculated.
The best source of information on crop residues was found to be an analysis of previous work done in various Asian countries and summarised by Koopmans and Koppejan (1997) . The paper provided a summary of the residue to production ratio (RPR) for a number of crops. The caveat is that different studies indicated varying RPR's for the same crop, and it seems that the data is for crops harvested in the Asian region. The volumes of residue potential calculated in this report must thus be treated with caution. Some African countries may have different RPR's for the crops studied but limited specific data could be found. The values are indicative only of the potential of residues available for use as an energy source. There can be some confusion about exactly how the RPR has been calculated, and the meaning of the ratio. In general, it appears that the ratio indicates the weight of residue produced per measure of crop. Thus, a RPR of 2.0 indicates that there will be two tons of residue for every one ton of crop. For sugar cane the crop is the cane and not the sugar ultimately produced.
The FAO data was evaluated and four crops were selected as being those with the greatest potential for providing a useful residue. These crops are:
• Coconuts • Maize • Rice • Sugar cane
Animal wastes
Wastes from particularly ruminants offer potential both directly as a combustible fuel and as an input to produce biogas. Rural populations in a number of poorer countries burn dried dung as a fuel, and this is often a major energy source. India has pursued a programme to generate biogas from dung with some success. The advantage, from an environmental point of view, is that methane that would be naturally released is captured and used to provide heat for mainly cooking purposes. Methane is about 20 times more potent than carbon dioxide as a greenhouse gas and oxidising it while producing useable heat makes sense from a climatic point of view. The solid residue remaining from the fermentation process can still be used as a fertiliser. The challenge in this study has been to quantify the energy potential from animal wastes in Africa.
Continental summary
The crop data for all African countries was extracted from the FAO database. The ratio of crop to residue obtained from Koopmans and Koppejan (1997) was used to calculate the total potential. Animal waste was more difficult to estimate. One reference (Xuereb 1997) indicated that the energy (biogas) produced annually from a single head of cattle equals 50 gallons of gasoline. To be conservative this was assumed to be a US gallon. The calculations for each crop and for cattle are presented in the sections below.
3.1 Crop residues 3.1.1 Coconuts Coconuts are a major crop in many tropical African countries. The residues are essentially of two types: husks and shells. The RPR's for the two do vary but the consensus is that husks form about 40% and shells about 12% of the total crop (Koopmans and Koppejan 1997) . These ratios have been used to calculate the potential as set out in Table 1 . Koopmans and Koppejan (1997) indicate a calorific value of about 18 MJ/kg for husks and shells. Converting the data from Table 1 gives an indication of the energy content of these residues, which is tabulated in Table 2 . The countries with the greatest energy potential from coconut residues are, in descending order, Tanzania, Ghana, Mozambique, Côte d'Ivoire, Nigeria, Madagascar, Comores and Kenya.
Maize
Maize is a staple crop in much of Africa. Residues are stalks, cobs and husks. The stalks are generally left on the lands (they are a field residue). Cobs and husks are process residues. The availability of husks as fuel is questionable and they have been excluded from the analysis. The estimates of the total potential for cobs and stalks are tabulated below. The RPR's for both cobs and stalks vary greatly and a lower and higher, as well as an average, for each are included. The literature (Koopmans and Koppejan 1997) showed a very wide range of ratios. The lower ratio for cobs is around 0.2, the upper ratio around 0.86. One study indicated a ratio of 1.8 which was ignored as being far out of line when compared with the other studies. The average was 0.376. For stalks, the respective values were 1.0, 3.7 and 2.09. Different authors seem to use different definitions of the RPR. As previously noted, one source (Energy Saving Now! 2003) believes that only 35% of the residue should be taken from the field without compromising the fertility of the soil. No account of this has been taken in the analysis presented in Table 3 . The authors recognise that this is an adjustment that could be made to the calculations.
Using an indicative calorific value for maize residues (Koopmans and Koppejan 1997) of 14MJ/kg the, following countries, again noted in descending order of magnitude, have the largest energy potential from both maize cobs and stalksSouth Africa, Egypt, Nigeria, Ethiopia, Tanzania, Malawi, Zimbabwe and Kenya. The energy potential is indicated in Table 4 .
Rice
As for maize, husks and straw are potential residues from rice. The straw would normally be left in the field. According to the Tata Energy Research Institute (TERI 2003) rice straw is high in oxalic acid and silica which limits its use as fodder. The Institute has further conducted research on using rice straw as an alternate to producing biogas from dung. The RPR for straw varies widely, ranging from 1.4 to 3.28, with an average of 2.07. These values have been used to calculate the potential. Husks are indeed currently used as fuel, usually as pressed husk briquettes. Lower and upper ratios are given by Koopmans and Koppejan (1997) as 0.2 and 0.35 respectively, with a calculated average of 0.27.
The energy potential was calculated from an indicative calorific value of 14 MJ/kg, and is presented in Table 6 . The countries with the highest potential are Egypt, Nigeria, Madagascar, Côte d'Ivoire and Mali. 
Sugar cane
Sugar is grown in a significant number of African countries. While some residues remain in the field, it is the process residue bagasse that offers promise as a fuel. Indeed, in many sugar mills, the bagasse is used for steam production for process heat, and in some instances, electricity is also produced. The data can be misleading as the crop data from the FAO refers to the mass of cane produced, and is not the mass of sugar produced. Lower ratios are around 0.14 and upper ratios around 0.33, with 0.26 being the average (Koopmans and Koppejan, 1997) . The tonnage potential is shown in Table 7 . Energy potential from bagasse using a calorific value of 7MJ/kg (Koopmans and Koppejan 1997) shows that the countries with the most potential with current levels of crop production are South Africa, Egypt, Mauritius, Sudan, Swaziland, Kenya and Zimbabwe. The energy potential is tabulated in Table 8 . Africa. The exercise has been a purely mathematical evaluation of existing data. There are many shortcomings in the methodology, not least the quality of the crop data and the applicability of the ratios used to calculate the energy potential. It is well known that crop residues are indeed utilised in many countries. Of more practical concern is whether major exploitation of this resource is indeed feasible or whether it is currently taking place in an optimal manner. Quantification is, however, a very difficult exercise. If the authors have, through this paper, raised awareness of the potential for crop residues amongst governments and other institutions, then some good may come of the exercise. It is suggested that governments review the analysis and determine for themselves whether there is merit in investigating the actual situation in their country. It may be appropriate to identify opportunities for improving technologies for utilising crop residues. This may, for example, be the development of appropriate briquetting systems for rice husks, or the review of options for biogas digesters in rural communities.
Further analyses of data on a country level are possible. Using the approach used in this evaluation will be relatively simple. However, delving deeper into the reality in each country will be costly and time consuming, particularly if accurate utilisation patterns are to be determined. A better approach may be to address government policy towards encouraging the planting of those crops and keeping methods for animal husbandry, which have the maximum potential to provide an energy source. An extension would be to assist rural communities through agricultural outreach programmes, and through making efficient equipment available as appropriate. This implies that appropriate policy measures are designed and implemented.
Ultimately, it will be up to individuals to implement measures to utilise this resource more effectively. 
